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A  bstrad.  III this ]mI)m wc desc] i] )C a III ImlICr of ol)st ac]cs l]am-
lmi]]g 11](I a])])licat,io]l  of ]Jla]ll]ing  tcclIIlology  to Ix:a-wmld ])Iol)lclIIs,  as
f~II{c)IIII((:Ictl  i]) Iwo rca-wmld  ])lalll]inp,  ]~rojccts at, ,11’1,: MJ’1 > - a ])lan-
]]il]g syst,(:]n  for allto]nat  cd gcnmai,ion  of ilnag(:  ])rocmsillg  ]Jrodurcs;
ali(l  1 , M C O A  -  aII intelligmt, s-ysknn ~’br assist a]lcc ill al]t,c]lna o])crEL-
tio])s. l~irst),  wc dcscril)c IIow cxistling  l)la]lnillp,  rc:])]csc]]tatli[)]l  must  1.)c
m ]l]allcd  to m] )rcsc!lltf a~]d rmson  about aspcxt,  s of p]al]s b(’sides goal
adlicvc] Imnt, - rcscmrcc  usage, qua] ity, cxccutji(m  tinm, flex il )ility,  al ld
,gplcralit,y.  %mlld, ] )Ianning systems IJImt l.w able to fit, i] lt,o a wiclc
]a])gc  of o])crational  co]ktjcxts  - most< l)la]lni]]p,  t a s k s  cau]mt,  lx> conl-
])lctc]y  aut,o]]lat,d,  tllmcforc  at a ]Ilinillmm  th l)lans  ])roducd  nlnst  ljc
casil y u]]dmsoa]  ldal)lc and  nloclifial.)le  1 )y tl]c llsmx.  111 solnc casm t)lm
lwer 11]1]s(, be i]lt,inmt,dy il]volvd  ill the IJan  co]lstn]ctjio])  ])roccss  itsdf.
‘J’llir{l,  ])lal]lli]lg  systlcms ]nmt bc abk to com]Mrc  favoral)ly  ill 1(:]]11s o f
sof(jwalc  lifmyc]c costs {,0 Otjhm ]nwins of aut,o]llatiou  slld] as scli])ts or
rlllc-lmsd  c!xI)crt  systml)s.  ~’l]is Incal]s that) cl(vc:lo])]ll(:]lt  o f  i]]tclligm]t
tools a]]d 0 wiroll]nm]ts  to facilitlatc  k]](wlmlg(’  acqllisiiio]],  valid at,io]],
al id I ]mil klla~]cc  arc of ] nimc  il~qxmtancc.  WC: 1 ]opc tll]at  our dmwript,ion
aI Id (Jll](:idat)iol]  of t] ]csc issum will kad to incre:wd  work i] I t] Jest areas.

1 1  Illrodllction

M711y l]avc so fcw a(:tllal  ])lallni]]g a])] )licatiom  1 )Ccll ficldd?  111 tl]is ])a])cr wc dcscril  )c
tll]rm tyl)cs of iss~les  l]il~dclillg s1lcI1 t: florts - lmsolls  l(a]]~d f]()]]~ two  fid(ld ])lal]]li]l~
a])]) lical,io]]s:  al] aut, oIIIatcd i]]]a:;c  proc(:ssil]g  systcIII (called MVI) - for Multi ]nissioll
V] CA]{. 1 ‘I:I,IIIICI)  aIId a dmisioll  su])])ort  syst,cn]  for a]]tc:n]la  o]matiol)s  (called 1,MCOA
- for l,i]]k Monitor a]]d Co]ltrol  olmator  Assistant). WC llopc tl~i]t  our dcscril)t,io]] of

wor](l l)lallllillg  syst,clns.  WC ca,tq;orim  t,llmc l)lalllling  issucw into Ill)mc gm~eral  dasscx.
‘J’l]c first sd of issues rdatcs  to Cx])rcssivcncss  of rc])res(]]tatic)]]s for ])lannillg  k]]owlcdgc
(su(:l] as  lIlorc cx]m:ssivc  actio]] a]ld tcm])olal  ](:l~rc:s(]ltatjic)lls). Wit,]]i]l  tl]is issue, VW
]):~]ti(:lll:l]l~~  l]igl]ligl]t  the ilnport,al)cc  of reprcscmtjil]g and rc:lso]]i]l~ al.)outj asl)cd,s of a
l)la]l ot,l]cr  t,l]a]l  goal t~c}li(:~~(:lllc]lt. ‘1’hcsc  lncasurcs CaII bc broacl]y  thought of as ]Jan

* ‘1’l)is  ]m])m’ domilm work ] mformd by IIIC Jet 1 ‘repulsion  I,al matory,  Califor]lia  1 ]]stitut,c  of
‘J’c(lIIiolop,y,  III)(1(T  coIItract wit,]]  tllc Natio]la] Acrol)au(ics  allcl S]HCC Ad]ni]list  I atiml.  Otllcr I)ast  and
]Jrmc])t  ]IlcIIIlm.s  o f  I]IC MV1’  {Ical]l arc Chist,inc  Yi]lp,, Shouyi  ]Isiao,  l)arrm]  Mut, z, Alex Gray, Joe
Nick]],  a]](l ,Jcan  1,OIW, OtlIcI  ]mst an(l  IMXYRIIL  IncInl)cIs o f  1,11(,  I,MCOA  tealn  il]c.ludc  Crist,a  S]nyt,h,
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quality, 1)11(1 illcludc  cvaluatlioll  of aspects of t,llc plal) dating  to: 1 low d] it achicvcs
tlllc go:d (clcgrcc of goal satisfaction), rcsourcc utilization, flmil)ility,  rol>mtncss,  a]]d
gcllcrality.  ‘1’llc scco]]d issue is that a planning systc]]l  must,  fit into all overall olma-
timlal colltcxt. 1 kxausc  most }nwl)lc]ns callllot  l)c fully autonkatd,  tl]cm is a significant
IJccd for a Ilatlural  ]nodc of illtcractioll lmtwceu the USC:] al)d tl]c systclll  - a clear and
collvm]iwlt,  division  of’ lal)or and col~trol  I)d,wml  the llscr and t,llc systcln. ‘J’his Inca]ls
that  l)lost likely tlllc  lJla]ls  l)rodllccd  l)y a l)lanllillg  system nlustl I)c eas i ly  ulldcrstalld-
al)lc all(l  IIlodiiial)lc l)y t,llc mm. Whi]c  11]0s1 l)lal]llillg systcIIw ])roducc  a plan wit,l]
a (l(:l)cll(lcll(:<y  stlr~l(:tulx:  at tl]c tactical lcvd (ill  tlcrlns  of causal sill )I)Ort,Sj  l)rotcctjiolls,
ctfc. ), cxl)lallatliolls  at t,l]c strategic lcvc]  am (dlcl] required. 1]] s()]I)c cases, tlllc uscl
IIlay IIccd to lx! intililakly  ilmmlvcd ill aslmcts of tlhc ljlan constru(:tiol]  lmoccss. ‘J’bird,
a critical factor  ill dctlmnining  tllc feasibility of autlolnatin,g  a plallllillg  applicatio~l  is
tllc Collllmisoll of sof’twarc lifccyc]c costs compad  to other lnctll]ods of autolllatjioll  -
sudl  as scril)ts or rlllc-based syst,mns. ‘J’bus, dcvclopll~wlt  of illt,clligcllt,  tools to assist,
ill kllowldgc  aquisitiol)  ~ vcrificat,ioll,  a]ld mailltcnancc  arc of l)rilllc inlporkncc.  ‘J’llc
rest of this lMlx:r is organized as follows. Scct,ioll 2 l)rovidcs  lmkp,round  illforlnatlio]l
ml tl]c h4Vl’ al]d l,MCOA t~l)l)li(::~t,iolls. Scctiol]  3 dcwril)cs r[:l)l(s(llt:Ltiolltll  difficult,ics
(:ll(:()~l]lt(:l(:cl ill tllc MVI’ and I,MCOA applications. Section 4 dcsclil)cs tllc diflicdt)ics
o f  illtcgrat,in~  a  syst,mn il]t,o t,hc MVIJ a]ld l,MCOA opeiatiolla]  (olltmts. Scct,ioll  5
outflil)m sol]lc of tllc issues rclatillg  to lalowlcdgc  acquisition, k]]owldgc  vcrificatlioll,
and k]]owlcdgc lnai]lt,mlallcc  rdcvallt,  to t,l]c MV1’ and I, MC(_)A al)l)licat,  iol]s.

2 TIIC MVI’ and l,MCOA Applications

Wc l)cgill 1 )Y l)rovidillg  a]] ovmvicw of tllc two al)plicatiolls wllicll  w(: usc to illustrat,c our
lmillts.  Wc filst I)ricf]y  dcsclibc  t,llc Mllltilnissioli  V1[;AI{ l)lallllcl al)l)licatioll,  ill wllicll
l)lallllil)g  tjc(:lllliqucs  arc usd to [lllt,olllz~t,ically  f;(:llcrat,c illlagc ljloccssillg  l)loglallls  frolll
lwcr sl)mifid illlagc  l)roccssillg  goals. WC thcll I)ricfly (Iescribc t,llc 1,MCOA  applicat,ioll,
ill wllidl all autknnatlcxl  rcaso)lillg  syskm l)rovidcs  mol)itor, control, al]d (lccision support,
(:alml.)ilit,ics  fol o})cratillg  1 kc])  S}mm iNctworl{  Alltcljllas.

‘J’l]c Mu]t,illlissiol] VI CAll, l’la]]]]c]’  (MVI)) [Cllicll  1991a, Chic]] 1994] systclll  is all Ar-
tifi(:ia]  IIltdligcllcc  (Al)  l’lalll]illg  syskul, whid autolnatica]ly  m)structs cxccutablc
(x)llll)lcx  illlagc  l)loc:cssi]lg l)roccdurcs usill~ Illodcls  o f  t,llc sn)allcr colwt,itucllt  ilnagc
lmccssillg  sul)l)rogranls ill rcsl)o]]sc to ilnagc  lmccssillg  r e q u e s t s  lnadc to tllc J1’1,
Multilllissim  lnlagc 1 ‘roccssi])g  1,aboratory  (MI I’1,). ‘J ‘hc MV1  ) systcnl allows tllc mm
to s})ccify tllc illlagc  l)roccssil].g  It:clllilclllcllts  in t,crnls of the valious t,y])cs  of corrcctiolm
rcquird.  Givc~l  tl]is illforlllaiioll, MW’ dcrivm u~lsl)mificd required processing st,q)s
al]d (Ietlmlli]]cs al)lnwl)riatc  il~la,gc processing l~rogral]  ]s and lmal] Ictcrs to achicvc  t)l)c
s] )Cwifiwl  il]lagc I )roccssillg gods. ‘J’llis information  is output,  as iLII cxccutal~]c  il~lagc
l)roccssillg  })rogralll wl)idl  call tliml be cxccutd  to fill tllc l)roccssillg  request , .  111 t,llc
)IIaI]ual a})l)ro:wll,  a ~rolll) of l]mna]l  cxl)mts, calld  analysts, reccivc writltjcll  requests
frolll sciclltist,s  for  ilnagc  d a t a  ljloccsscd  and forlllat,t cd ill a ccrt,:lill  I]]a]]IIcr.  ‘J’licsc
anal ystls  tllcll dct,mllil]c tllc rdcval)tl  da ta  and appm})riatc illlagc I )roccssillg  skps rc-
quird  to lnmlllcc tll)r  rcqucstd data al]d wrik al} il~lage  l)roc(~ssil]g l)rograln i n  a
1)*.(\rr),5>lb)3t)i7>n  Ic31)o II.>wc> <..3 llnrl lTl(”” A 12 (i’{,, lT; .lon 11,. QOCI  (’.,II.I.IIII);(.,., ii<,,)  5,1trl l}oi,,ic,x,.ul



‘ ) [I,avoic d a]. 1 989]. U1lfortlul)atdy,  this cummt 1 node of olmatiolls  is cxtmndy
labor a]ld k]]ow]cdgc illtcnsivc. ‘1’his task  is labor il]tcnsivc  in tlLatj  collstlructing  t h e
illlagc  l)roccssillg  l)roccdurcs is a ccmldcx, tedious l)mccss wllicll call take up to scv-
mal lnol]tll)s  of cflort. ‘1’llis  task is knowledge idcnsivc in that,  it requires substantial
l<]]owlcdgc  of illlagc  proccssillg, sl)ccifics of VICAR image processing l)rogran~s,  VI CAI{.
lal]gguagc const ructs )  a]ld file and datal.)asc organization  and colltel]t.  VICA1{  lnocw
durc gcllcratioll is a COI]]ll]O]l  task - tl~crc  arc (:urrcntl~’  km of al)alysts at hlI1’1,  alollc
\\/Ilos(\  l)rillla,ly  t,ask is t,o construct, thCSC  VI CAI{ prop, rams. Mal]y otllcr USCM ail JI’1,
all(l ot,l]cr  sit,cs also write W CA]{ scripts, with t,hc total user grou] ) Ilumlming  over
1 ()(). MV1 ‘2.() is cummt]y  ol)crational  and available for usc by almlysts at J] ‘1,’s Mul-
tilnissio]l  lmagc  1 ‘mccssillg  1,aboratory  (MI]]],). MW ‘2.() is writtcll  ill C mld ol)cratcs
with a Moiif-lmcd GIJl OD Sun workstations. For ra(liomctric  corrcctioll,  color  tril)lct,
lc!(:ollstllll(  :t)ioll,  m]d Illosaicl<illg  tasks. MW’  rcduccs effort to l)roducc an initial  l’DI~
for all cxlmtf al)alyst] froll] 1/2 a day to 15 lninutcs, and it rcdllccs the effort for a
I)ovicc analyst fronl scvcra] days to 1 hour. ‘1’IIus MV1> has acl]ic~d  roughly a I L-fold
rcductim  ill the cfl’ortj  to coln})lctc tfhcsc tasks.

2.2 I,MCOA  (11((1  i}lC IAxq) Spa(:c  NdwoIk

‘1’I)c .Jd 1 ‘rol)ulsioll  1,al mratory  ]nanagm a world-wid(’ llctwoll~  of al~i~llllasjfltllc J JC~P
Space Nct,work  (1 )SiY), wllicll is responsible for providi]lg  the (:c)]l~l~lll]licatic)lls  link wit]l
a IIlllltlitllldc  d slmcccraft. Olmatlions  pcrsolll]cl  arc rtslmllsil )lC for Crcat)i]]g  and lnai]l-
taillillg tfhc (Iolllllllllli(:atfiolls”  lil]k l)y configuring, the required sulxiystclm  and lmfornlillg
tcstl al ld calibratliml  1 mmdurcs. ‘1’his  task  of creating the colllll-lllllicatliolls  lid{, lulowll
as 1 )l’c:cz~l  il.)l. (ltlioll, is a IIlallual and till~c-colls~llr-lillp;  l)roccss wllicll requires opcratjor ill-
l)utf of over a llu]ldrcd colltlrol  directives aud olmator  Inonit(orin{?,  of over a thousand
Cv(’]  ltl  11 ICssagcs  a l  ld swcral  CIozcll disl)lays  to dcljcnl Iillc  tl]lc cxccutjiol] status of tllc
Syst)cll”l. ‘J’llc existing IJilll<  Monitor  and Colltro]  (1 ,MC) systcn)  requires tl]c ol)cra-
tor to I)CA)NII a large amou)ltl of textual keyboard mltrics, to lnonitor  and interpret
a  lal’gc 11111111)(:1’ of  lncssa,gcs to dctcrminc  tllc statm of tllc systcll  1 and to sclcdlivc]y
cllll  out rclcva]ltl in forlnatioll  from dozens of ~)rc-(lcfil]cd,  data-illtcllsivc  displays. ‘J’his
r e s u l t s  in all cllvirolllllcnt ill wllicll  it is difIicult  to ol)cratc cfli(:icl]tly.  ‘1’llc IJillk Mou-
itor a]]d [k)lltrol Olmator Assistant (1 ,MCOA) uscs auto~natcd olmrations  tcchlliqucs
~l~]li(:ll  illll)l.o~r(, [)1 )(:l:l,t,i[)lls (: ffi(:i(qlcy  all[l  ICCILI(.(:  l>~c:~alil.)rat,i{)ll  ti]nc.  ‘1’11(>  I,MCOA is a
l{llowl(:(lgc-1.):ls(:(l  l)rototfy})c  systelll  that  ~)rovidcs  scllli-a[ltolllatc(l  IIlollitlor  a]ld control
fullctiol]s  to SII1 )Imrt ol)cratiol]  of tl~c 1 )SN 7WMCLC1  alltcnlla at, tl]c Goldstollc  1 kc])
,Slmc  [~ol~lll]lllli(:atiolls”  Colm)lcx  (1 )SW). lmprovcd t)pcratio]ls is adlicvcd  l.vy using a
flcxiljlc  m]d }mvcrfu] l)roccdura] Icl)rcs(:l)tfzitioll, l)y ](ducilq+  o]wmtfor  lmylmard  e n t r y

a]ld by ] )rovi(lillg explicit dosed loo]) collll]llll)icatjiol)s”  and colltro] tl]rougll all expert
Systclll 1110(1111(!. All opcratiol)a] vcrsio]l  of the l,h!COA  is in usc at a I)SN 34-lllctcr
a]ltlc)l]la  stlatiol] at Goldstonc,  Glifomia  to pcrfoml  1< a l)and alltclllla l)crf’orlna)lcc  cx-
lmilllclltls [1 lill I 994]. ‘1’l]c curmltj  prototy])c  rcduccs tfhc alnoulltl of opcratlor inputs pcr
alltcllna  track  u]ldcr llolni]lal  conditfiolls from about 700 to 1(:ss tllall  10. While orig-
illal]y tl]c gc]lcra] l)lalls used by tllc I,MCOA were dcvdopcd  ]lla]lually  (for example,
t)llc gcllcra] l)lall wllic]l  illll)lclncntfs tl]c K a  ba]ld  antcl~lla  l)crf’orl]lallcc cxl)crilncllts),
ill Y’cl muary 1995 a l)lal]nillg  syskm was {l(:lllollstltltj(~(l  w]licll  automatically gcllcratlcs
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l)lalls 1 mscd oll il)f’orlllatio]l dcscril.)il)~  the track tyl)c and the cquil)lrlcllt  C,olkfiguratiou.

3 l{(:])]’csc:]]tl:~tiol]  1 ssucw

hlally of tl]c olwtaclcs IIilldcrillg apl)lication d“ plamlillg tcclll)iqucs  to real-world l)rol)-
lcllls call l)c (:llf~l:lctc:liz(l(l  as l(:l)rcsc]ltatioll[~l difficultit:s. Of tl]c r(’l)l’cs(’l]tatliollal  issues
wc ]lavc (!ll(:OLlllt(:I’( !(l ill the IjMC;OA and MVI’ applications, SCVC1’d  call bc attributed
to tlllc gc]lcral area  of rcprcscntillg  and rcasollillg  about plan qua]il  y 2. OtlIcr rcprcscll-

rcl)rcsclltlillg coniljlcx  actions an(l actfiwl cfkts.

lSSUCS  ill M V]’

III tl}e  hfl Vl’ al)~)licatioll,  all ilu]mrtant  conccn]  is out,l)ut  ilnagc  quality. P’or a l)lal)llill~
s.ystcI]I to I)c al)lc to rcl)rcsclltl large l)ort,iom of al] allal,yst]s  q )crtjisc, tllc l)lal]llcr must
1X: al)lc to rq)rcscllt, and rcasol) al)outj  the cfkt, of various illlagc  tllallsfollll:itiolls  o]l
illlagc  quality. 1“01’ cxal]lplc,  onc of tllc nlost Comlnoll  image l)roccssing  requests is for
IIlosaicl{illg,  wllicll is tllc l)roccss of colnbinillg  a nun]l.wr of slnallcr illlagcs  into a larger
illlagc. A frcqucllt,  situation ill mosaicking is t]lat  so]nc of t,hc illlap,cs call l)c llavigatcd
alwolutcly - t,llatl  is to Siaty  t,llat solnc illlagcs  contjaill  kat)urcs that Inakc it lmssil)lc to
cxact)ly aligl] tfllesc  ilnagcs (this is calld alxmlutc  navigatjioll  ). 1 ]owcvcr, t,l)c rcmail~-
dcl’ of Illlc ilnagcs call only l)C Corrcct,ly  p l a c e d  011 t,l)[: outl)utj  illlil~(’  1 )y ]I]atcl)illg  ul)

lmillts wllicll art: I)clicvcd to bc (:oln]l]oll  bctfwccll  Ll)c]]l  and otlllcl  illlagcs  (tliq)oillts).
‘1’llis  is a ]]lorc diflicult, l)roccss kuow]l as relative na~’igat,ion. WIICI1  lx:rforl~lillg rela-
tive I 1 avi gatiol], t)llcrc arc various lncasurcs of tlhc Confidcllcc oj tllc llavigatjio]l l)roccss
(sudl  as rcsidllal errors). WIc]l  lnoccssing;  tll)csc  images, ill or(lcr to IJroducc a high
quality illlagc, tllc VICAI{ scril)t lnust take into accollnt the rdativc  wcigllts  of aligll-
llle]lt illforlnat,iolj  fro]]) tl]csc difkrcllt  SOUHXS. Navigiltioll  illforlnat,ioll  frolll al)solutc
lliLVi~atlioll  sllollld  1)(’ wci~llcd  l]lorc tl]al] relative IIavigation  il]fo~ [tlatioll  and relative
llavigatfiou  illforlllat)ion  is of varyi]lg  clqyccs of coufidcncc. Idc:ally,  all expert, ilnagc
l)roccssillg  ldallllil)g  syst,cll]  would bc able to rcaso]l al rout) t,llc navigat)ioll  l)roccss and
various IIlcasurcs  of ilnngc  quality, to dcicrmiuc  at rulltinlc  t,llc l)cst order ill wliic]l to
lWOCCSS  tlllc ill]agcs. III tllc best situation, tllc opcratol  and ])laIJ ]c’])l(:s(llltt~t,iol]  would
I )C al)l(:  to cx])licit)ly  rcl)rcscllt(  tllcsc  lncasums  of ilnagc  quality a]ld at, rull-ti]nc  cxccutc
tllc  stcl)s to cllsurc a IIigll  quality illlagc. ‘1’his  would 1 cquirc cllal:l(:tc]izatlic)lls  of plal]
quality rclatillg  to lllcasuraldc  rulltilnc attributes. A suwndary,  l)ut also in~l)oltal}t  col]-
ccrl) for hlVl } is t,llc col]~l)llt:~tiollal”  cfficicnq  of the ])roduccd  }dan.  If tllc ilnagc  quality
w i l l  Iw cquivalcllt, t)llcrc  arc sollkrtlillics  diflkrcllt,  mct,hods  of acl)icvillg  t,llc salnc illlagc
l)loccssil)g  goals  1 )ut, witlll  diffcrcllt  cllt~lz~ct(!listics  of conlputlcr  rul)tilnc 01 disk st,oragc.
If h4Vl’ (’al] lcaso]l  almut  t,l)csc t,yl)cs of’ costs for ljla)]s it, will bc al )1(I to ))roducc  l)lalls
wllic]l  arc ]l]orc accc})t,ab]c  to tl]c analysts and sciclltisls.
-..

~]?{),. ()!!ll (’1’ W701”I{ 011 lllallllillg all(l r(!a-

solli]lg almllt,  ])lal)  aII(l  scl  Idulc qualit,y  scc [}laddawy  and  IIa]]ks  1993, Willialtlso]l  a]ld I1a]lks 1994,
l’clw alt(l  CarlmlI(Ill 1994, Gratcll (It al. 1 993]. l)ccisia]  tlhcmctic  llot,ims  of utilitj)  fmlcticnls  also calj-
Lllr(’  1)1:111  and scllcdlllc  quality II)dri(s  [1 hxisiw)  1994],



.
,

‘1’lIc I, N4COA uscs a tclnlmral  dcpcndcncy  lldworl{  (’1 ‘lIN) [lrayyad  1993]  to rcl)rcscllt
al]d autolnatr  1 ~M C ol)crations  Inwcdurcs. A  ‘1’DN is a dircctcd  ,qal)ll that, illcorlx)-
ratlcs tjc]]llx)ral a])d ld~avioral  knowldgc  a n d  also pmvidcs ol)tiollal  and conditio)lal
l)atllls  t,hrougll  tl]c llctwork. The directd  gral )11 rqmscllts  tfllc stq)s required to lxu-
forlll all olx:ratjioll. 1 ‘rccdc]]cc  rclatiollshilx+  arc sprcificd l)y t)hc I]odcs and arcs  of
t] 1(! 1 l(!twol’ks. ‘I’]](I Id)avioral  kl]owlcdgc idclltlifics  systjcnl-static dq )cndcl)cics ill tjllc
forlll of l)rc- and l)ost-cc)ll(liti[)lls. ‘J’cnlpora]  k]]owlcdp,c  consists of I.x)tlll absoluk  (e.g.
Acquire tl]c s] )acccraft,  at Iilnc 02:30:45)  and relative (e.g. 1 ‘crfolll)  step Y 5 lninui,cs
after stcl) X) tlcnllmral constraints. Conditioua] brand  Lcs ill tlllc npt work arc pcrformd
o]]ly under ccrtaill  conditions. op t iona l  l)aths are t,hosc wllicll  arc IIOtj cssclltial  to t(llc
ol)crat)ioll,  l.)ut, for Cxalllp]c, nlay provide a lligllcr lcvc]  of co]lfidcllcc  ill tl]c data if })cr-
forl)lcd. l~acll ]lodc in the ‘1’1 )N is called a Wlock]’ al)d contains  a scqucncc of ~Lctiol~s
to 1 )c lwrforlncd.  l’;tLcl]  I)lock  also IIas INC- al]d l)c)stf-coll(litioll”  constraints  and tilnc tags
associatd  wit]] it.

li(:l)l(:sclltillg  a]]d rcasollil]g  al.)out plan quality ill ‘J ‘I)Ns is a kcy co]]ccnl in tllc l, M-
(X)A al)l)licatioll  dolnaill  ill several ways. ]“irst, ovcr:dl  cxc(:utioll  tilllc  to scl,lll)  (I)lc-
calil)ratfiol])  al~d rcsd (l)ost)-(::Llil.)latJioll)” tjllc colllllllllli(atiolls  link sulxystlclns sl]ould  bc
lllillilnixcd.  l{cducillg  tlllis  cxccutioll  tjilnc allows mom (latja to k rctlurllcd  lx:r opcratli]lg
tlilllc  for tl)c li]llf.  1701 illstancc, it cau take u]) to two hours to lIlaI]utLll  y l.)l(:-(::llil)r:lt)(:
a I>SN 7(1-l nd,cr al]tcnna  coll~l)-l~ll)icatiol~s  link for ccrt sill tyl)cs  of IIlissions.  lJsillg  the
1,MCOA, this tilnc caIl k rcduccd to al)proxiulately  t]lirty  IIlillut es, Wllel’c  ful’tllcr 1(:-
ductiol]s ill set-ul) tlilllc  :Lrc linlitcd by l)hysical constlraillt,s of the sul)systclns tllc]nsclvcs.
CIIaI)gcs  ill l)ostj-c?\lil)lfltliolJ  can also ducc l~rc:-calil~ltitioll  tilnc for a subsequent, track.
l’or illstallcc, if a followi]lg  track  requests a sill)ilar antenna ol)cratio]l  to tlllc  onc Ix:illg
currclltlly cxccutcd,  it lnay bc umlcccssary  and wastdul  to rcsctl Illany of t,llc antclllla
Sul )Syst!cllls. ,Sillcx: Il]alry  of tjllc s<ystclll  se.tlt,ill~s  will IIotl vary I)ctjwccll  tlllc  two tracks,
lw-wttillg tlllcsc Systcllls will only cause extra tilnc to bc sl)el]t 01] lcc;llil)lat)ic)ll  duriug
tllc sccolld  track.  ‘1’l]csc tyl)cs  of rcductiom  ill opcratio]ls  tlilnc CiLll  saw: tjhousads  o f
dollars cad) tlilllc  l)lcc;llil)rfitioll  is performed.  1“0) this rcasol],  l)lal] execution iilllc is a
l)rilllary II)casurc of })lall  quality.

1  ‘la]] cxccutlioll tilllc call oftjcll  be sigylificantlly  dud lby cxl)loitillg  l)arallcl path
cxccutlioll wllcrc tl)c control of lnult)i~)lc  subsyst,cnw  is illvolvcd. Wllcll  dcvclol)ing  [L
l)lallllillg  systjcll~  to :lllt,olllat,icallJ~  gcllcratc ‘1’1 )hTs,  wc would like (Illc sysk)n to rcasoll
alx)utl l)lall cxccllt)iol)  tlilllc  as a l]lc<asurc  of l)lall quality. Si)l(:c  tlllcw call oftcll l)c lNorc
t,l]all  o]lc correct  l)la]l  for a l)artlicular  alltlclllla ol)cratjion) it is ilnl)ortallt  for a l)lallllill~
syst,(~lll t,o l)c al)lc to coIJll)arc a set of final l)lalls ~lsillg  u s e r idclltificd  l)lan quality
lll~:LSlll’(W. OUI I)laI]]Icr currcllt,ly uses the critical pat]] lcllgtll  of a l)la]l to hrlp  idcllt)ify
I.x:tlkr l)laIls. Critical l)atll lcl]gtl) is calculated usillp,  time illforlllation atltaclld  to a
‘1’1 )N 1)1oc1< w]licl] slxx:ifies the average ti~nc it sI1ouI(1 take to cxccutc the block. 1 by
colnlxuil]~ critical l)at)ll  lengths of colnpcting  plans, our l)lal)llcr call C1]OOSC tlllc  l)lan
wllicll will l)rovidc  a II]illilnal l)lall  exccutlion  tinlc.

Allotllcr  lIIcasurc  of l)lan quality is generality. 01 ]C of tllc IIlissiol]s frcquclltly  Imr-
forlllcd  ill tllc I,MWA donlaill  i s  calld tllc l<a-l~all(l  Alkclllla l’crforll]al]cc  (KaAI’)
cxlxxil~lcllt.  ‘1’IIc KaAl’  ‘J’I)N is currdly  iml)lclncnl  cd for the 01 )cratiolla] 1,MCOA;
it is co]lsi(lcrcd  a gcllcralizd  ‘J’] )N sillcc it rclnwscllts  tllc ]Ila]ly  diflercllt ways  that  a
l<aAI) exl)crilllcllt call 1.x: cxccutd. ‘1’llc support data for a particul:w l<aAl’ oxpcrilncllt
jd(’)Jj.ijj[X  3 ~MJ’j.j[’JJ]21’  ])>11])  f)) J’OIJg]J t.]1~ ‘J’]]N. pO1’ PX:)II”  J1)l  C, tlle]c is a CIata ca])turc  loop
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i]] tllc KaAl)  ‘1’1 )N whiclk allows data, to lw capturwl  from citllcr a star or a ljlallct,
t)lllls  rcqlliri]],  q difl’crc]]t  a]ltclIIIa  lIlodcs.  O]Ic t’xpcrilllrllt  lnay sl)c(:ify  t,llat d a t a  I.)c a(:-
quircd froll~  tl]c following sources ill scque]lcc: star], st,ar2, star3.  Wl]crcas another
cxl)crilllclltl lllay sl)ccify that data by acquired from: Starl, ])la]lct,l,  star],  sW2. in
cum:]ltl  olmai)io]]s, ‘J’l)Nst~r(:]I]:I]lL]~Llly  gcncratd,  vcr; ficd, al]d refilled. Bccauscoftllc
col)si(lcrablc  cflbrt,  ill lnal~ua]ly gcllcrat,illg,  main ta in ing ,  and refilling  q’l)ils,  a sillglc
gcl)craliz(xl  ‘J’I)N iscllcal)crtllall  llundrcds ortllollsallds orcxl)crilllc)llt,  -sljccific  ‘1’I)Ns.
lIhTcIl ill tllc currc]lt  dcvclolnnc~)t,  to autolna{,c  ‘J’DN gcllcratioll, tllc l)kmnillg  k]lowlcdgc
l)asc lllust l)c:collstz~llt,ly  updatd and  vcrifid.  F’cwcr {;cneralizcd  ‘J’l)iNs  aIc chca])cr to
Il])(latr al]d verify, all(l  tl]lus sul)l)ort lnorc efficient knowledge  base ll-lt~illt,[:llallc(:.

l~lcxibilit)y  is allotllcr aspcd  of plal] q u a l i t y  tllatl has Ijcc])  a rcquirclnc~lt,  ill t,hc
l,hfl COA. 1{ ’or illstallcc, tllc sul)l)ort data for a particular cxl)crilllcllt  lIlay  sl)ccify a
l)articular  l)atli  t,llroug]l t,llc ‘J’l)N, however , tlllc operator has tllc flexibility to alter
this IJatll ill real-tlill)c. ‘J’lJc ‘J’I)N all(l  l,hlCOA  must,  I)c:al.)l(:t,oll:ill(llc! tllcsc rca]-tilnc
cl]a]I~cs. Solllc  o f  t,llc cl)a]lgcs t,flat  tllc  ol)crator  call nlakc  to t,llc ‘J’I”)N a r c  skil)])illg
l~lodw, dclcti]]g  Collll]lallds ill l)locks, adding  co]nmands  in blocks, a]ld diti]]g  time tags
01] 1)1ocIw.  Itf l]lay also lK llcccssary  (or dcsirab]c) for an ol)crator  to reorder ldocks.  }“0]
cx:~]]ll)lc,  SO]]IC ‘J’I)N l)locks ca]l]lot,  cxccutc i]] ])arall(~l d u c  to rcsollicc co]lflict,s.  ‘J’lIc
ordcri]lg of suc]l  l)locl{s  can oft)cl] affect l)lan quality I)y nlakill~  a l)la]l ]llore rol)ustl or
l]lor(: cflicicl)tl,  (Icl)cll(lil)g 01] t)llc l)articular  antenna ol)cratioli al]d currcllt  track status.
If a I)(:tt(!]ol(l(:ril]g  is k]low]l  ~)riorto  ‘J’I)N gcllcratioll, this il)forll)atioll  ca]~ lx: i]ll)ut,
to t]lc l)lalllli]lg  systcn] which will inccnq)orat,c  it into the final ‘J’I)NT. I]owcvcr,  tllcsc
ordcril]g constraints ]I]ay oftcl) l)c best dctcrll)il)cd  at rulltilllc l)y tllic ol)clat,or,

‘J’llcrc  arc also st,a,ll(lard  blocks  that, may I)c illscrtcd into ‘1’I)Ns at, var ious  lmillts
(sll(:ll  tkstlill]slllissi()  lllat(:clla  l]g(s,c]t,c  .). lfsLl(:ll  (:ollll)lal](ls  al(cxcclltcclill  t,ll(:lllicl(llc:
of an il]flcxil)]c ‘1’I)N, it Hlay IIot,  l)c l)ossib]c  to contilluc  execution. l)cpcndil]g  on t,llc
st,cl)s illscrtcd,  l)r(:(:ollclit,iolls,  l)ostlcollclitliolls,  aud time tags ofotfhcr l)locks lllay bccomc
ilwali(l. l“lcxil)lc ‘J’I)Ns  t,llat,  allowfort  hci~lscrt,ion  ofct)mlnoll st,cl)s  wl)ilc still rctaillillg
tll(!il:l l)l)li(:tll)ilit,y  ~ll(:glcz~t,lyvalllc(l.

l{’illally,  tllc l)lal] lc:l)rcs(:lltatioll  nlust bc cxl)rcssivc ill order to l)rovidc  robustlllcss;
IIowcvcr,  aII cxl)l(:ssiv(:l  cl)rcsclltjatlioll  llsLlallJ~  illclcas('sa  llal)})li(:?lti(  )ll'sco ll]l~lcxitj~~all(l
oftc]l results i]] aloss ofgcllcralit,y.  ]n the l,MCOA apl)licatioll, tllcrl’])fl  rcl)rcsclltat,ion
was initially kcl)t, cxtrclllcly silnl)lc,  althoup;]l it did illcludc  l)arallclislll.  As the intricac-
ies of a l)articular  dolllaill’s  l)roccdurc l)ccalnc evident, more cxl)rcssivc  rcl)lc:s(:lltat)iolls
were r(’qllilc(l.  Collst,rllct,s SUCII as loops, nlctric tilnc, and act)iol)s \\’it)l}  tcllll)oral scope
W7C1T  a(l(lcd. As a l)rot,ot,y])c,  tllc I,MCOA l)ccal~]c  mom co]nplicatx’d  aIId very s])ccific
to a ]xuticlllar  ‘J’I)N. l~or cxa]nl)lc, a ‘(loo]) until till-l(’) construct was required wl]crc
tl)c actions  i]) tl)c lool)wodd k: cxccutcd until al)rc-sl)ccificd  t,ill)c occllrrcd. At t h a t
tilllc,  cxccutjiol] of tllc:  1001) woll]d col)tinllc  ullt)i] a 1)1’c-sl)ccific:d  e x i t  l)oillt had l)cc]]
rcaclld wllcrc t,llc 1001) could  bc safely cxit)cd.  ‘J’his  actually caused tjllc exit, till)c of tfl)c
IC)ol)t [)1)(::1 ftl(’ltll) ctilll(:sl)c  cific:(l  illtllc  loo1~i13g  c:ol)stJ)llct. ‘J’l]c allcrnativc  of al)rul)tly
cxccutjillg  tllc loo]) at a l)artlicukw tilnc is Ilot always acccptal)lc. Sllcll  a Collstl’u(:t,  lvas
]](’ccssaly fo] O1]C l)alticlllz~lrJ’l)N,  however, it IIlay ]lot bc as i~l)l)li(~]l.)1(: tootllcr  ‘J’I)Ns.

]Jcsso]]  J <1717f(:7)t~)l{l)7) 7c~)7-c,5cnlat.io71,s aIr iTII,~)OfIC7-iSl(,  Cd; pl(In71if)g Tc~)Icsc:IIt.(I, ii(IT),.5

IId {() [)(!  (Id)l(: !0 7“(!J)l’C,5Cll,t,  l)l,(Lll;lj  iMJ)dS Of f)kLIM Oit}l C1’ ijl,{LT!, ,(jOd (L C:/l,iCl)CTllCTlt,  (C. q.,

])kl,ll  ~WI,h{,~J)  S7[(:/1 (25: ~i[]’-i771(L(JC  @MLhtlJ,  l“CSOll,l-(:(:  7L,5Q~C  ((:.( J., disk ‘May:), C1’(!ctl)tioll

iill[(!, {] CllM!l’(Lii{;lJ, jkl;i/li[ii~J, (Vl(i l’C)hLSillCSS.
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4  opwal)iona]  Conkxt,s

ScvcIal  of tllc diffimllt  as])ccts  of t,hc  MW’ and 1,M(;OA a])l~licatiol]s  rdatc to  what
vw cdl tllc o]matimlal  umtcxt, of tllc application]] sy+tcm. IIJ ])lallning  rcscarcll, t h e
])la]l]li]]g l)rol )Iclll  tyl)ically is charactfcrizcd  as a l.mtcl L problcln, I\rl Icrc  tllc illputjs and
outll)utls  of Illc syst,clll  arc carcf’ully sl)ccificd,  a]]d t,hc pklllllillp;  systcln must l)roducc a
col]ll)lctc  solutio]l  witll~out  user intlcrvclltliol]. 11] tkc real world, this is rarely IJossiblc.
Co]n]nol]ly  tl)c solutio]l  l)roduccd by the l)lal]ncr ln~lsi  bc vcrific(l and applied witl~
sol]lc IJulnall illtcrvcntjioll. This IIas strong ralnificat,ions  for tllc l)la]]  l)roduccd by tlllc
l)lallllillg  systcl)l  - it lnust,  l.)c llll(l(~]st,all(l:kl)l(:  and Inodjfiablc  l)y tfhc user. 111 solnc cases
{!11(7
will

~.1

ol)crat)imlal  co]]tfcxt  is ]nucll lnorc  demanding - tllc actual  ])la]] g;mlcratioll  ])rocc,ss
l18vc  to 1 )c al) illtlcractivc  IJlixc:(l-illitiat)iv(:  l)roccss.  3

opt!rdiond”  Colltclls  and Mvl’
1]] tll]c MV1’ al )])licatio]],  ])la]ls ]nay bc formed which require user il]])ut,s. P’or cxaml)lc,
M\~l’  ]IIay  IIcc(l  to col]stfructj  ])lalm wl]ich invo]vc cl(:tc:r111i112~tioll o f  ticl)oillts I)ctwcc]l
ovcr]a] )l)i]]g il]]agcs (ticl)oints  a r c  colnlnon  rcf’crcllcc  I mints wl]ic]l al)pcar  ill acljaccntj
ilnagcs aIId allow (I(:tl(:r]]]illiltlio]l  of points 011 onc ilnagc  dative to tll)c other). ]n sonic
cases  tlllc ticlx)illts call 1.K: dctcrlnincd  aut,olnatically,  but ill othcl cases analyst  illter-
vclliioll  ]nay l)c r(!quircd to INoducc a high quality ilnagc. If tlllc us(!r s})ccifics  a lmt,t,cnl
of goals wllic]l requires user int(cractioll)  MVP IIlustj l)roducc a l)lal] wllicll contains  al)-
l)rol)riatc  i]lt,cract,iol)  ~x)illk. I“ortullatcly,  so far in the MV1> dolnai]l  c]lcodillg,  wc IIavc
lxx:]] al )Ic to stfructurc tllcsc points as sinll)lc  loops , where tlllc user call redo certain
st,clw ullt, il tl]cy ar(! satisfied wit]) the c]]d rcslllt. l“l]]l,llcr]]lorc, tl]cIx:  arc occasionally
l)rogra]]]  l)alalllctcls  wllic]l  luay Ilccd to l)c acljustcd  1)3’ llu]nw] analysts  in a sulj~cct,ivc
fasllioll af ter  illsl)cctlillg tllc final ilnagc. III otllcr more rare cases, the analysts  lnay
l)cc(l to IIlo(lify tllc l)lwdllccd  i]nagc l)romssing scril)t,s to add fultllcr  l)roccssing  stcl)s.
‘l’IJUS) l)ccalwc analysts  lnust 1.K: ab]c to lnodify  MV1’ o u t p u t ,  it is kcy t,l]at, IIulllall
analysts  lx: al)lc to ulldcrstalld  and il]tcrprct, MVP gcncratcd  l)lalls. In order to fulfdl
t]lis l(:(lllil(:lll(:lltf, M V 1 ’  lms a IIicrarchical  task nctw(wk  (Hrl’N)  l)lal]lling  conll)oncllt
to lno(lucc  a]] alxdlract  l)la]l  to solve a l)roblc]ll,  This abstract l)laII is alll]otfatlcd  wit]]
l]igh-level collllllcllts  gcncratlcd  during  tfllc l)lall  col)st,nlction  process. ‘1’l]csc colnmcnts
dctlai]  at a collccl)tual level why h4VP dcconllmscd  tlhc l)ro}.)lc]r] ill the lnanllcr  it chose
and wl]icll higll-level goals  arc bcillg  attacked ill which portion  of t,llc l)lan. q’his allllc)-
t)atioll grcatlly  assists tllc analysts ill understanding the structfurc  of’ Illc ljroduccd  ilnagc
l)loccssillg l)]a)]s. At a lower lCVC1,  the l)la]l  dcl)clldc)lc:,y structure itself call bc used to
cxl~laill  t)l)c l)la]]. ‘J’llis structure call bc usd to cxl)lain wl)y ccrtlai])  image l)roccssing
st,cl)s arc ]]cc(lc(I,  w]ly ccrllaill paralnctcrs  were set, to tllc values l]scd, or wily ilnagc
l)roccssillg  st, cl)s occur ill t,hc producccl  ordcrillg  4. M orc gclIcrally, j)lalll)illg  systcnls
l]cc(l to 1 )c al)]c to illtcra(:t, ]Ilorc gradully  with users alkd pro(lucc ]]]orc  Illl(lclstl[lll(lal)l(:
rcsu]ts  (SCC [Ar])a ] 994, }kl’~USOll ] 994]). ‘

‘{lror  a Hlorc d(!kild discussion of tl]& issues see [Arpa] 994].
4]PC),.  ftll.~,llc:r  discllssic)ll  ~)11 ~,llc ~clatil~e  ll~crit,s of 11’ITX a])(l (J1)(~~~t~)I-l~~SCCi  ldallning SC(!

[I)rul)l)ilo]ld  1994, l{al~ll~ll:lllll~ati  1994].
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‘1’llc 1,h4COA al)ldicatiol)  has to deal with scvcra]  as] wzts of t,llc ol)crationa] context
t)llat  afliwtf plal~llillg: the domain is asyncllrollous, real-tlimc, al)d illtcractlivc. ]Iy asyll-
cl]ro]lous wc nlcaIl  illlatl the cf~cct)s o f  a u  adioll  cannot  l.)c ilnllldititjcly  ol.)scrvcd  and
it II)ay not llavc i t s  illtfclldcd  cfl’cct.  ‘1’llis  aflccts the [Jxccution o f  tllc ldal) I)y forcing
tllc 1,MCOA  to IIlol)itor tllc state of tl]c dcviccs  to which  the l)] all’s col~trol  a c t i o n s
llavc 1 )ccl] scllt. 11, II)ustl  be able to recognize  wllcthcr f llc action had its illtclldcd cflcctl,
a]]d it ]]lust be able to deal wit,ll  situations wllcrc the action had 11o effect at all or all
ullilltclldcd cfl’cct.  1“0] instlallce,  al) action lnay be sclltl  to a dcvicc a n d  tllcrc IIlay I)c
1]0 rcspo]]sc  illdicaiil]g that,  the action was received al id executed. ‘1’llc IJMCOA must
take a corrective action once a tilnc limit has l)assccl aud it has not l)ccl) able (0 verify
that  tl]c cflcd IIas occurred. More generally, a planucr  oftcll lllust explicitly consider
cxc(:utioll  IIlollitorillg  and verification of successful goal and subgoal acllicvclncllt  as au
active task.

‘1’lle 1,MCOA dolllail)  is real-ti]nc in tl]at  there arc tcnlpora]  constraints 0)1 tile
il(:llicl~{!lllc:lltf  of a ~)la]l’s goals, \tr]licll  forces t llC ],M( ;OA t,o ~ollt,illtlally  ll)onit,ol”  tllc
l)la]l’s cxccutio]l  status as well as IJrogrcss toward  achieving the ]jlall’s goals. As l)rcvi-
oldy  indicated, tfllc tclllporal  col)st,raints  of tllc domain have to I)c taken into account
w]l[:l]  IIla]fil]g  (l~cisio]ls al)ollt,  ~(]-p]allllillg  aft,cl a l)lall  failure.

‘1’llc I,MCOA dolnain is interactive, Incallillg  that, the plaII is IIot silnply executed,
ratl)cr,  it is oftlcn ncccssary  to rc-plau or otlllcrwisc colnpcnsak  for an illtcract,ion  with
tllc l)lall or the cnvirolllncnt  durill~ its execution. Many  cxtcrllal events lnay int(!rrul)t
a l)lal  I’s cxccutliol]. l“or example, a ‘1’l)N block may fail to acllicvc  its cffds during
its cxcclltiol];  a sul)systfe]n may fau]t duril)p;  l)lccalil)rfitioll;  addit)iolial  services (SUC1l as
tlclcllletlry)  (:oll)lllilllclillg,  or rallgillg)  may be added ill (luring cxccuiioll;  cquil)lnclltl may
1.)(’  1’(}1110W[1 (111(3  to Cxtcrnal  requests; 01 tllc llulllall  olwrator  may illtcrvcllc  l)y adding  or
dcletillg stcl)s in tllc ‘1’l)Ns. Suc]l int,eractioll  with cxt,crnal cvcllts  J cquircs the l)lallllillg
systlell] to llavc tl)c ability to rc-plan LIpol]  these external events or failures.

‘1’IIc r(~-l)lallllillg  colnlmllcnt,  needs  to deal with tl)c followi]lp; issues ill tl~c I)SN
ol)crat,iollal  colltcxts:

(1) l{c-*danning  requires lolowlcdgc  that is usually not rq)rcsclltcd  ill the ‘1’l)Ns.
1+’or cad) execution failure of a l)lock, tllcrc is a series of specific corrective actfiolls  tl)at
tlllc  olxvator  takes to rclmir tllc failure. nut sillcc tllcrc call  be hu]lclrcds  of l)loclw, it is
not l)ractica] to lla]l+codc  ill tllc rclmir lncchallisllls  for cacl~ slxx:ific  1)1oc1<.  A gcllcral
fralllcwork for rcl)rcsclltill~  rclmir li]lowlcdgc  is dcsiral)lc.

(2) ‘1’l)crc  is a tradeofl’  ill t i l e  gmlularity  level  US(:CI  to rcl)rcscllt  tllc ‘1’I)N I)1oc1w.
‘J’lIr I)1oc1;s  arc t,llc lowest, level prilnitivcs that, tllc 1 )laullcr rcaso]) about, cacll block
]llay colltai]l  tells of directives (colnnlallds). Somctilncs during  all cxccutioll failure,
illstlcad of rc:-cxccut(illg  a wl]olc block, it  is IK)ssiblc to o]dy rc- cxccutc a sul)sct o f
all tjllc  directives ill tllc ldock,  so t,llat tllc total cxccutioll  tilllc may lx: sllortcllcd.
~’o cal)tllrc this lia]l repair kllowledgc,  we call  break a block dowl] to a llunll.)cr  of
I)locks, l)ut tllcl] tl]c p]anllcr lnust,  rcaso]l at a 10 W C I  leve l  of  abstractio]l.  ‘J’llis lllay
result  ill a less IIl;lil)tlililltll)lc  k]lowlcdgc  base for t)h(: l)lam]cr  al 1(1 d e g r a d e d  l)lal]llcr
])(:]fol]]lti]](:(:  (l)lallllillg  slxd). ‘J’his  tradeoff is silllilar  to the g(!nerality  issue for plan
quality discussd  ill scctiol) 3.1.

(3) Actio~]s take tin~c. If tlllc recovery actjiolls  take all cxtclldcd  illllOUIlt  of tilnc, tllcrc
Il]ay  not 1)(: cllough  tilnc to l)crforn] a IJlanned cquiplncnt  lj(}lfc)rlll:illcc:  test  as well a s(.
st,arti])~  tJIc acquisition) of data at, the rcquird time. 111 this case, a tlrad?ofl  lnustl be
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Cvaluatc[l  . 1“01’ Cxal 1 l])lc, sl]ould tllc data be cal)turcd  wit,llcmt  doing the l)crforlnallcc
tlcst’? 01 would tllc data bc USCICSS without the lx:rforlnallcc tfcstl?

(4) O,]cc corrective actiol,s arc taken, or tll)c ol)crator)s  il)t)crvcl]tiol]  has bcc]l coln-
~)lct,cd, tllc 1,hJCOA ]]lus( bc givcll tllc colnlnand  to collt,illllc  execution of the ‘J’I)NT in
tllc ]]CW colltcxt, ‘J’]]c l)l(:cc)l](litiolls  of tllc b l o c k s  in ihc original  ‘1’I)N that  llavc not
y e t  lxx:ll cxccutcd  ]]]ay l)avc cl]allgcd. What actions arc ]Ic(w+wy i]] oldcl  10 sat isfy
tlllcsc  ]>](:co]l(litlio]ls’/

(5) ])uri])g cxccutio,l,  solnc subsystems may bc rc,,,ovcd duc to co]ll~x:tillg requests.
[Jsua]ly,  tllcsc slll}systclns  arc )Iot nccdcd ally ]norc 1 ry the task , al id arc rcqucstd  to
k usd l)y otllcr tasks. What is tllc proper way to remove tjhc cquil)mcnt from the
Systlcln?  1 low do wc unlink it, witlh other sul.)systclns?

(6) ‘1’l]c state of tl,c sul,systc]ns  has a laqy an~olll~t  of i]~forn,atiol,.  Although in
1 wincil)lc,  all rclcvald,  statjc il)formation can bc illfcrrcd  by a~l cxl)crtj  operator, pradicc
oftjcl] dcwiatcs  fro]ll this stlalldad.  How dots p]allning systcn 1 llcll)  tllc o~)crat)or  attend
to failures’?

WIJcll  cxalnillil]g  tl]c above salnplc issues that alisc fiolll tlhc olwrational  context
of 1,MCOA, wc scc that a fully functional operational systcli] requires t,llc al)ility  to
illtcgratlc  l)lal)llillg, cxccutioll, and rc-ldanlling,  ratjllcr tlllall  silnl )] y just do ollc:-l)ass
(lx,tcl])  ~,lal]l]ing.

]Jcxson 2 l’laILnc13 TrLIMt2  fit into ihe operational conttwt. of the upplicdion. Mosi

])la,finil/f/  tosks iftvolve  mm intcradion - ibis fcquirc.s that planI)rCIS  gmcratc p l a n s  that

t}~c Mm co7/ IIII(iC7L7t.O,Tt(l  a,71j(i m o d i f y .  I n  s o n i c  cascx the u s e r  nlw~l be able to insert
act9i07)s  dIII iIIg cmc7(iion with 1 1 ) ( :  p l a n  rccowfif~fj a71 d rccm17i7)g  1mxutio77. 171 other
c a s e s  I<llc uscl ’ Inay Ilccd to initmzd with the plu TIncl dvriny plaIL c:o~).?tlilctiol~.  l)lann)ers

7n7[rst.  a l s o  c)ftc71 opcfnltc i~) cvIvi7 onmcnts uhiclI arc  a.5;(J77c:llro71c)?{.5 (7 71d I - m l -  i.i71M:.

5 Knowledge Acquisition mcl Knowledge Base Maintcmanm

Ollc of tllc kcy clclllcnts in dctlcrmining  tllc feasibility of ficlclil)g a ldanlling  application is
all asscsslncllt of t(llc amoulltl  of effort and cxpcrtisc  required to construct the knowledge
lmsc a]]d uldatlc  a]]d ll)aintlain  tlllc  planning knowledge base. ‘1’his has bccl] particularly
t rue  ill our cxl)cricllccs  with t,llc IJMCOA and MV1 ) apl)licatiolls. As a result, wc
l]avc cxl)clldcd  col)sidcrablc effort ill custlolnizing  the k]lowlcdgc  l(ll)rcs(:lltjtktiolls  used
for tll]csc  al)l)licatiol]s  and dcvclol)ing  tools to facilitlatc knowldp,(!  bas(! dcvclolnllcldj
and lll:Lillt)(:l  1:111  (:(:. W]lilc collsidcrab]c work has bcc]l done ill kl]ow’ledge acquisition
(:llvi)olllll(:llts,  t)llis  work has not focused on tlllc specialized l)laullillp;  Icl)r(:s(:llt(atliolls
(tasl~ ldllctioll  r(,les and o~x:rators)  and constrai]lt)s (orderil]g,  cc,(lt:sigllali(ll], etc.).

11] tl)c hJVl’ al)l)licatiol],  kllowlcdgc  is rcl)rcscllt,cd  ill tllc follow illp, forms: task dccoln-
l)ositioll  Illlcs fol reducil)g lligll-  level tasl{s  or goals ilk) lower lcvc] tasks  and goals,
plalll)illg  olxuatjors,  ,syld,ax  ru]cs for gcncratin  g correct syllt,ax W CA 1 { l)rograms fronl
illlagc  l)roccssillg  l)lalls, [w]d rules for gcllcrat)illg  the illitjial  state frolll database lal)cl
ill forlnatjiol].  Wllilc tfllc knowlcd?;c  base is of o]lly mo(lcratc  size (as of 12/94: al)l)roxi-
lnatcly  60 l)lallllillg  ol)cratlors,  50 clccollll)ositliol)”  rules, (Irackillg  al)ollt,  70 file attril.)utcs),
sillcc 1 )ccolllil)g ol)crat,iollal  ill 5/95, tl]c vast majority  of t,llc l)rojcct cff’ort IIas l)ccll

. , .
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(allllost 1 full-tiulc lJCLXOI1).  1]1 tl)c MVI) al)plication, wc have  dcvclo])d  two tyl)cs  of
tools to assist ill k]]owlcdgc  base dcvdopmcntl and ~~lfbillt)clltlllcc:.  Static:  analysis Lools
al)alyzc  tlllc  k]]owlcdgc  base to detect,  sinll)lc cases where ~,oals  (al]]lotj l)e achicvcd.
‘1’I]csc  cases arc flagged a])d tlllc user notified of t)hcsc  lmtholo~ical  cases. Gnnplctlioll
analysis tools allow tl]c user to detect,  cases where plans were alll]ost  al)lc to be tom-
IJlctcd, l)ut a ccrtlail]  s u b g o a l  could  Hot I.)c acllicvd  or a ccrtaill l)roicctioll could  not
1x: cnforce(l.  Colllplction analysis tools allow the user to quickly focus his attention oll
a sl)ccific l)ort,ion of tlllc  k]lowlcdge  base. ‘1’llcsc tools arc dcscribe(l  ill furtllcr  detail ill
[Cl)ic],  19941,].  ‘1’l,csc  k,lowlcdgc  cllgillccrillg  tools arc essential  to ~,roviding  a software
lifccydc  cost colnpctitive  with other  software automation alternatives. I1litial efforts by
iu]agc lnwccssing  l)crso]]]lcl to automate VICAli l)roccssing  by W1 itillg  cxt,rclnc]y gcli-
(!ra] VI CA1i scril~ts for gclleral  l)roblc]n classes. JIowevcr, nlallual gw]cratioll of scril)tls
is cxlwllsivc  ill l)otfl] cxlwrtisc and effort - dur  to tllc knowledge required to gcl]cratle
scril)ts al]d tlllc ]]lally l)roblenl  tyl)cs. Additionally, maintai]lillg tl)esc scril)ts is a ti~ne
collsull)i]lg  task requiring  significant VI CAI{ cxl)crtisc.  Subscqucllt,  cflbrts involved tile
~al)l)lic.atioll  of rul(:-based cxl)crt systcn]s tccl] nology  to autolllatc  V] CA]{ procedure
gcllcratiol]s. ‘J’llis aly)roaclI  encountered problclns in scaling u]) duc to the difficulty of
(lcvclol)il)g a lllodular,  ~nailltainable  kllowlcdg(I base. 1 ‘lalllli~lg  tjccllllology oflcrs all al-
tcrllativc  sulwrior  to nlallual scril)t gcncrat,ion  ill that lcl~rcsc:lli,z~tioll  of gp)cra] W CA]{
kllowlcdgc  can allow automatic generation of scril)ts to fill a wide ra)lgc of requests.
Additiol)ally, tl]c l)lalllling  lolowlcdgc  representation is a natural ~llatcll  for the VICAI{
l)rodurc  gcllcratiol] task a]ld cllcourages modular i ty  and cxl)licit,  ]c:ljl(:sclltlatioll  of
cl(:l)(’ll(l(lll(:i(:s.

5.2? l{nowlcd~]c  A  cquisitim and Mo,intcrmncc  in LMC~OA

K]lowlcdgc  rclncsclltcd  ill tllc 1,MCOA  al)plicat,ion  il]cludcs q’] )N 1 )Iock in fornlatioll
(~,rcct,llclitic,l~s,  ~,{,stc(,l](litjio*]s, related ‘1’1.)N  ldocks  (l)rcdcccssors  and successors), di-
rectives), ‘1’l)Ns thcn)sclves, hierarchical task reduction rules to il]dicatc which opcra-
tlions ]nwccdurcs arc rclcvallt forl)articular  antcnnapasscs  and cquil)nlcnt assiglmlcnts,
al]d sulwystlcll] ll)odc]s (to track  a,lltfcnna,  subsystlcln  state via cvcllt status lloticcs  from
tlh(! sul)systcllls a]]d issued directives). IIccausc of tlllf  collll)lcxi(~~  of tllcsc  rcl)rcscutla-
liolw, tllc l) IOCCSS  of I)uildillg  tll)c knowledge bases to rcprcscllt  asillglc  ‘.I’I)N is ll]a]lual
al]d tedious. ‘lb date 7 ‘J’I)Ns have lXX:lI co]lstrL1ctcd;  t]lcsc ‘l’I)NIS illdudc  frolll 21 to 73
l.)lO(:lls,  tu]d coldjaill ov[!r IOodircctivcs.  Hacll  ‘J’I)N lni~;llt  illvolvc lIJodcls of3-7sul)sys-
tlclns. Several tools arculldcr  development to assist ill the acquisition and lnaintcnancc
of tllc l)lall k]lowlcdgc  base (for 1I1OK: details see [IIill CL al. ]994]). A ‘1’I)N aLltllor-
illg tool is bcillg  dcvclol)cd  to automat,c tllc sl)ccificaiioll  of ‘l’l)NTfi. l)cvclol)crs as well
as ol)cratliol]s  lmso  JJncl  will bc able to graphically sl)ccify tlllc  ‘l’I)NT and its colltcl}tls.
‘1’1 )Ns call 1.)c co]l]l)oscd  from parts of cxistillg ‘J’DNs al)d libraries of actions at the least.
A datal)asc  will cfliciclll]y store a colnplcte sl)ccificatioll  of arJ’l)N  as l)art, of arJ’l)N
lil)rary. ‘1’llc saLIlc  (l[~t[~l.)t~s(:~vill  s e r v e  as acc~ltral  rcl)ository fol tllc ‘1’I)N ill tllc l, M-
COA, tl)us sillll)lif’yillg  tllc I,MCOA illll)lc}l~l(:lltatioll.  In addition, t,llcrJ’l)N authoring
tool will illclu(lc  tllc cal)ability to verify ccrtaill aslxxis  of the ‘J’I)IN SUCII as iucolnl)at-
ildc 1)1oc1< ordcri]lg based on l)rc- and l)ost-collditioll constraints  of blocks. “J’his 7’I)N
datalww  will also allow ‘J’I)N developers to quickly al]d easily access ‘J’I)N illforlllatioll
rc]atcd  to t,]]c ‘J’])Ns, l)k)cks, SLlbSySt,CIllS, and directives bcillg  modified. l“or cxaml)lc,
w1lc1] collst,ruciills a llCW ‘J’I)N block, t,llc dcvclopcr ~yill  be ab]c to easily access ot,llcr
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I)]ocks col}taillil]g  tl]c salne dircct,ives  as W C]] as access otl)cr blocks affecting t,hc same
SU1 Wystlc]])  Stlal,c variab]cs as tlllc current block. ‘1’hc knowledge (!l)gillccring  cfl’ort for
tllc 1,MCOA ])mtoty])c is dcscril.)cd ill more dctai] ill [Fayyad 1 {]93].  1 k:sidcs tllc ‘J’] )N
aut]lorill,  g tool, two ot]lcr took, ]{,I])]l;S and ]<,]4;] IIJS, tLrc ~wing dcv(!]ol)cd and used for
lfl]owlcdgc  acqllisitio]l. ‘J’IIc 1{1 IIIW sinm]atioll authoring too] kit, [Mu]]ro ct al. 1993] is
Iu+cd to cal)tlurc  dcvicc  lnodc]s  of the collllllllllicatiolls  link cquipnlcnt  and subsystems.
Besides usil)g tllcsc models ill t,llc planner, Lllc silnulator  also l~cllnits  us to test the
lJMCOA’s  al)ility  to cope wit]] the opcrat,icrlla] contcx(  issues dcscril)cd  ill tllc IJrcvious
scct,iol]. 111’lllUS, wllicll stal)ds fo r  l{c(ll~irc:l~l(:llts  Phlvisioni]lg  IIy lJtilizillg Sccllarios,
[Zor]I]aI]  1 995] is used to capture knowlcclgc  about tl]c dolnail]  by using difi’crclltf  sce-
narios to l)rovidc  colltcxtfua]  information nccdcd  for l)lallnin~. ‘J’llis 1 )rovidcs us a way
tO Il]l(l(:rsta])(l I](Nv tll(: subsystc]ns  co]ltrollcd  by the l,MCOA ac tua l ly  WOrl;  and l]OW
t o  co]ltml t]]c]n u]]dcr  bot,l]  normal  a)ld allmldcrus  co]]dit,io]ls.  A]lotlIcr  ]nctllod  l.rcing
co]]sidcrcd  for autoll)atillg  1 )SN al]tcnlla ol)crations  is tlhc usc of a library of genera]
l)url)osc  scril)ts. WC feel that the general TDN/plall ) cl)rcsclltatiol)  call oflkr auto~na-
tioll of a wider ra]]gc of antcn]la  operations tasks. Additionally, wc lx:licvc that, explicit
lcl)l’csc])tl:~tliol]  of dclx}lldcllcics  alnong operations procedures will facilitate nlaintcllance
of tlllis kl]owlcdgc  lmsc and allow for usc of tlhc kllowl(!(lgc  base for otllcr purposcx such
as (Iocllll)cllt):itlic)ll  al]d irailling.  1 ]owcvcr, dcvcloplncl]t  of tools to facilitate in lmowl-
cdgc acquisition], verification, a]ld lnaintcllancc  to rcducc tl)c planning  systcln software
lifccyclc costs arc of lninlc  ilnlxntancc. ‘1’l]csc lc:cl~lir(’lllcllts  arc likely to require algo-
ritl]]lls al~d tccl)l)iqucs  slxx:ializcd  to the particldar  rcl)rcsc:lltatiol)s  Iwcd by hJVI’ and
I, MCOA.

l,csson 3 l’la7)TIiTIg sjjstmr[s Inusi ham mimed sojlu)am  lifmjclc costs as compamd
tO Oi]lC1’ 1/)( :(17!S  [)~ (llltOYIICLt.ioll  SUC1l (M SC1’@tS  Or l’TL[(!-b(lSd S?JStC7L$.  ]]<:t)C10~)171C:lli  Of in-
lell’ifgc7d  k?)owlcdgc ocquisilion,  vcrijical.im, a~ld dcb~lgging tools fo7 ylanning knowledge

[)(1<9(:S  Iiff {!SS(!llii(l~.

6  Summary

WC llavc dcscribcd  a llulnbcr of issues which colllpli(atc  the a~)~)licatioll  of p lanning
t!ccllllology to l’ca]-world  prol)lcllls. Wllilc  wc have dcs(ril.)cd thmc issues ill tllc col]t(cxt
of  two ])la]l]li])g  ])r{)jccts at, Jl)l,: MV1) - a ])lalming  systml for autolnatd  gcl]cratioll
of illlagc  l)roccssil}g  lnwccdurcs;  and l,MCOA - an intelligent systcln for assistance ill
al]tcn]la olwrat)iol)s)  tllcsc issues arc general issllcs applicaljlc to other apl)licatio]l  areas.
l~irst,  wc dcscril.rd  lIow cxistfing l)la]]ning rel)rosc]ltlatlio]]” must< bc c]il]aucd  to rq)rcscnt
aIld IwmoIl  al)ollt  aslmt)s  of ])lal]s besides goal achicvmncnt - rcsourcc usage, qudit(y,
cxccutio])  ti]])c, flexibility, and generality. Second, plal]nin,g systcl IIs lllust bc al)lc to
fit i]ltlo a wide IaIlgc of o])cratiol)al  colltcxts. Most, il)lport(al]tly) ])lostj l)lan]ling  tasks
ca]]llot  1 w co]]ll)lctcl  y autlomatcd, thcrcforc  at a lnil)inlum  tl]c l)lalls I)roduccd must l.)c
easily l]ll[l(:lst:~llcl:~l  )Ic and modifiable l)y tl]c users. III soInc cases the user must bc
i]]t(il]mtlc]y  i]]volvcd i]) the ])la]] collstructio]l process itself. ‘l’llird, l)lalll]i]]g systems
ll]ustf lK: al)lc to coIII]mIc favorably ill tmns of sof’twarc lifccydc costs to otlllcr  ]nca]ls of
:illtro]]]:ltlio]]”  suc]l as scril)tjs  c)r rule-hml cxl)crt s<ystlc]]]s. ‘J’l]is  IIICaIIS that dcvclop)ncnt,
of il)tldligc]lt  tools aIId c]lvironmc]ltfs  to facilitate klIowlcdgc acquisitio]l, validation, and
IIlililltlc:]la]l(:(:  arc of’]) ri]nc iln])orta]]cc. Wchopct]lat  c)lli(lcsclil~tioll  :~ll(lclllci(latiollc)f
tlllcsc issues will lead to il)crcascd  work ill tl)csc areas.
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